The stereospecificity of the binding site on the glucose carrier system in supr beet suspension culture cells was determined using a series of aldo and keto hexose sugars and sugar alcohols. Specificity was determined as competition with '4"Cglucose transport and glucose/proton symport.
The binding site of the glucose carrier system was specific for the stereo orientation of the three equatorial OH groups on the three carbons opposite the oxygen and for the CH20H group. Hexopyranose isomers with the same orientation at the three OH groups (carbons 2, 3, and 4 of C-1 1-glucose), but not with the CH20H group, have only little (1-C Dglucose) or no effect (1-C D-idose and myoinositol) on D-glucose uptake. The C-1 L-sorbose molecule matches the C-i Dnglucose at many points including the stereo configuration of the CH20H group, but it had no effect on D-glucose uptake perhaps because of an interference of the OH group adjacent to the CH20H substituent. The D-glucose analogs, 3-0-methylglucose and glucosamine, were the most effective in binding to the glucose carrier. The isomers n-fructose, D-glactose, and D-mannose have separate distinctive proton cotransport systems. However, in starved cells they compete with n-glucose uptake, but the competition is for the available energy and not the carrier binding site.
In spite of the immense amount of data accumulated during the last 15 years on the coupling of sugar transport to the proton motive force, very little has been done to clarify the stereospecificity of the binding sites on the carrier in higher plants. Earlier investigations of the glucose carrier binding sites in Baker's yeast (5, 6, 12) , Chlorella (10), Aspergillus (15) , and sugarcane cell suspension ( 14) have indcated that the system is specific for the 1-configuration and the pyranose ring. The carrier tolerates a single change in the glucose ring but with an increase in Km values by a factor of 10 to 50. A second substitution in the glucose ring causes an additional increase in the Km values (5, 10, 12, 15) . D-Glucose is known to occur in solution almost exclusively in the glucopyranose chair form (5) and can be organized theoretically into two conformations (Fig. 1) . In the C-1 structure, the ' ring OH groups project in the equatorial plane. This is considered to be a more stable form since groups larger than hydrogen have an unstabilizing effect in the axial position (5) . In the 1-C glucopyranose chair form, the OH groups project in the axial plane and thus are less stable. However, the L-glucose isomer less activity than the D-form, it suggests that the constituents on carbons 1 or 5 contribute to the binding specificity. In solution there is always an equilibrium between the a-and f-anomers at carbon 1. Ehwald et al. (6) found that there are no substantial differences between the affinities of the carrier system for a-and [B-anomers of glucose, mannose, and xylose of Baker's yeast. Therefore, if one ignores the numerical number of the carbons, the location ofthe alcoholic group (CH20H) is the only difference between n-and L-glucose ( Fig. 1) . Different isomers or analogs which share the same stereo similarities with the C-l n-glucose form, at least at three points, might be recognized by the active site of the glucose carrier. The equilibrium between the 1-C and C-1 forms of each isomer, and the similarity of the stable isomer structure to the C-l n-glucose form may establish the degree of binding of these isomers with the D-glucose carrier system.
Isomers such as L-sorbose, D-idose, and myoinositol ( Fig. 1) or n-glucose analogs such as 3-0-methylglucose and glucosamine, which have certain similarities to the n-glucose molecule, can also be used in competition studies to characterize the nglucose carrier system. Anderson (1) The uptake of D-glucose showed saturation kinetics with a Km of 5 mm and a V,, of 40 umol h-' g-' (dry weight basis; Fig. 2 ). Fructose uptake also showed saturation kinetics but with a higher Km (16 mM) than D-glucose and a Vm,,, of 33 Amol h-' g-'.
We expected the carrier to discriminate between D-and Lglucose, but the cells took up L-glucose ( Fig. 3 ) with a Km of 67 mm and a V,,. of2.5 ,umol h-' g-'. L-glucose uptake was strongly inhibited by D-glucose, suggesting that the uptake of L-glucose was via the same carrier as D-glucose.
L-Glucose uptake increased dramatically with length of the starvation period from 0 to 24 h (Fig. 4) . i-glucose uptake showed a similar stimulation after starvation. Fresh cell suspensions contain large amounts of starch which disappear during the 24-h starvation period (data not shown). The internal concentration of sucrose and glucose in the cells decreased from 18 and 11 mm to 8 and 5 mm, respectively, during 6 h of starvation (concentration calculation assumed uniform distribution of sugars in the cell water). Thus, the stimulated uptake is probably the result of a decrease in the internal carbohydrate supply.
Competition with Glucose Uptake. Glucose uptake was monitored in the presence of glucose analogs or isomers. 3-O-Methylglucose and glucosamine had significant inhibitory effects on glucose uptake in starved cells. 3-O-Methylglucose, glucosamine, and L-glucose in concentrations 50 to 500 times higher than Dglucose competitively inhibited D-glucose uptake as can be noted from the Lineweaver-Burk plot (Fig. 5) . L-Sorbose, D-idose, and myoinositol had no significant effect on D-glucose uptake when added in 50-fold excess, but D-fructose, D-galactose, and Dmannose strongly inhibited glucose uptake (Fig. 6A) .
To determine if the pattern of intervention, particularly for fructose, galactose, and mannose, was a function of the energy state of the cells, the experiment was repeated with unstarved cells (Fig. 6B) . Since the rate of uptake in unstarved cells is slower, the duration of uptake was extended to 60 min. Fructose, galactose, and mannose had no effect on glucose transport. This result supports our hypothesis that the inhibition of glucose uptake by fructose, galactose, and mannose in starved cells was probably a competition for limited available energy within the cell. This conclusion is substantiated by the fact that D-glucose strongly inhibits D-fructose uptake in starved cells (Fig. 6C) . However, proof of this hypothesis would depend on actual measurement of ATP levels in the cells.
Proton Flux. Since plasmalemma sugar transport in plants is driven via a putative proton cotransport carrier system (9), we determined the ability ofthe various sugars to induce an alkalinization ofthe external media. If alkalinization occurred, a proton cotransport system for the various sugars would be suggested. The rate of initial alkalinization increased (Fig. 7) with the length ofstarvation similar to that found for glucose uptake. The pattern of alkalinization with glucose showed a plateau after approximately 10 min. L-Glucose uptake was also accompanied by proton influx but at a slower rate than D-glucose (1.20 versus 4.35; Table I ). In contrast to D-glucose, L-glucose gave a long but steady alkalinization which did not show steady state during periods of up to 30 min. However, when D-glucose was added following L-glucose, equilibrium occurred. There was no stimulation of proton influx when L-glucose was administered following D-glucose (Fig. 8) .
Glucose isomers (D-idose, D>mannose, D-galactose), glucose analogs (i-glucosamine, 2-amino-2-deoxyglucose, 3-0-methylglucose), keto sugars (D-fructose, L-sorbose), sugar alcohol (Dmannitol), and myoinositol were tested for their ability to induce proton symport. All of the above-mentioned sugars except mannitol induced an influx of protons ( Fig. 9 ; Table I ). The natural chemical isomers, D-glucose, D-fructose, and D-mannose, showed either full steady state (glucose, Fig. 8 ) or a tendency towards equilibrium (fructose and mannose, Fig. 9 ). Conversely, myoinositol, L-sorbose, D-idose, and 3-0-methylglucose show a constant linear pH change over time, and did not reach steady state when even 100 mM D-glucose was added (Fig. 9) . The rapid alkalinization ofthe external media in response to the addition ofsugars is consistent with a proton symport mechanism. However, the expected transient response predicted by a proton driven secondary transport was evident only for sugars that are metabolized by the cells. The unexpected linear response is similar to that found for amino acid-induced uptake (17) and for 3-0-methylglucose uptake by sugarcane suspension cells (1 1 is either missing (myoinositol) or positioned in an axial direction (1-C D-idose), there is no effect. The stable 1-C L-glucose molecule, which possesses a CH20H group in the 'wrong' corner, had a slight inhibiting effect on Dglucose influx. The pyranose ring of C-l L-sorbose molecule which matches the C-l D-glucose molecule in the three consecutive carbons and the CH20H group had no effect on D-glucose influx, perhaps because it has an OH group on the carbon adjacent to the CH20H, thus preventing the interaction between the L-sorbose molecule and the carrier.
Interference of glucose uptake dependent on energy state was exhibited by aldohexose isomers which are different from Dglucose by having an axial OH group on one ofthe carbons (axial OH on carbon 2 in mannose or carbon 4 in galactose), and by the ketohexose, fructose, which has a furanose ring. D-Fructose, D-galactose, and -mannose had a profound inhibitory effect on D-glucose uptake in starved cells but not unstarved cells (cglucose had similar effects on 1-fructose uptake). This suggests that these sugars compete with D-glucose for the already limited amount of ATP in the starved cells, although each one is transported by a distinct carrier system. D-Fructose and D-mannose have a relatively high initial rate of proton influx (Table I) and relatively low Km values; thus, they strongly compete wih Dglucose for the available energy.
